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Abstract. This paper gives a brief overview of three instruments suitable for measuring 
the flow of electrical power and energy. The first instrument is a single-phase power 
analyzer, while the other two instruments are double and quadruple three-phase power 
analyzers. In addition to overviewing these instruments, the paper presents a possible 
improvement of a quadruple three-phase power analyzer. The implementation of this 
improvement would make it possible to use a quadruple three-phase power analyzer as 
support for the phasor measurement unit. 
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1. INTRODUCTION 
Electrical energy is the most common and widely used type of energy in the world. It 
can be easily converted to other forms of energy, such as heat, light, or mechanical 
power. In industry, electrical energy is usually calculated indirectly: as the product of 
electrical power and time. In contrast to it, electrical power is calculated directly: as the 
product of voltage and current. The precise measurement of all these quantities is a 
necessary precondition for the proper operation of technological equipment. Their values 
give us all the necessary information about the technological process. In the offline mode, 
this information can be used to analyze and improve the process from the economic point 
of view. In contrast, in the online mode, the obtained information is used as input data for 
various SCADA systems. In this way, it is possible to perform real-time control of very 
complex technological processes. 
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In the last 20 years a large number of methods for measuring electrical power and 
energy have been developed. They are practically implemented in three types of devices: 
1) instruments for measuring the quality of electrical energy, 
2) power analyzers, and 
3) smart meters. 
Besides having different roles, these devices have different prices: the instruments for 
measuring the quality of electrical energy are, respectively, one and two orders of 
magnitude more expensive than power analyzers and smart meters. 
2. THE VMP20 INSTRUMENT 
The VMP20 instrument is a single-phase power analyzer (Fig. 1). It was designed 
back in 1996 by the authors and their colleagues. This device, based on national patent 
[1], is able to measure (at two second time intervals) four quantities: 
1) Single phase voltage (with the accuracy of 0.5 % of full scale), 
2) Single phase current (with the accuracy of 0.5 % of full scale), 
3) Single phase active power (with the accuracy of 1 % of full scale), 
4) The grid frequency (with the accuracy of 0.02 % of full scale). 
 
Fig. 1 The VMP20 instrument. 
The instrument is connected to a PC via RS232 interface. The software installed on a 
supporting PC (VMPCalc 2.1) is intended for additional processing of measured data 
(Fig. 2). This includes: 
a) The calculation of the reactive and apparent power, 
b) The calculation of the impedance, 
c) The calculation of the minimum and maximum values of all measured quantities,  
d) The calculation of the mean value and standard deviation of all measured quantities, 
e) The calculation of the peak power (maximum 15-minute average power), 
f) The calculation of the maximum 15-minute average current value, 
g) The calculation of the maximum 15-minute average reactive and apparent power, 
h) The generation of the reports for a given time interval, 
i) The graphical representation and visualization of the measured/calculated quantities. 
Based on the aforementioned, the authors have successfully tested the ability of the 
VMP20-based system (VMP20 instrument + PC + VMPCalc 2.1 software) to detect various 
disturbances in a low voltage distribution network (LVDN) [2]. Some examples are illustrated 
in Figs. 3 and 4. 
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Fig. 2 The basic window of VMPCalc 2.1. 
 
Fig. 3 Continual measurement of the phase voltage using the VMP20 instrument. 
 
Fig. 4 Continual measurement of the grid frequency using the VMP20 instrument. 
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3. THE MM2/MM4 INSTRUMENT 
As a result of an intensive research, in the early 2010's, the authors and their 
colleagues have designed two new instruments: a double three-phase power analyzer, 
called MM2, and a quadruple three-phase power analyzer, called MM4 (Fig. 5).  
 
Fig. 5 The MM2 instrument (left) and MM4 instrument (right). 
Both devices are based on national patents [1] and [3] and use a two-bit SDDFT 
processor [4] to process some measured data. Owing to this, one MM4 device can 
measure up to 70 quantities: 
1) 3 voltage RMS (with the accuracy of 0.2 % of full scale) [5], 
2) 16 current RMS (with the accuracy of 0.2 % of full scale) [5], 
3) 12 active powers (with the accuracy of 0.5 % of full scale) [5], 
4) 38 fundamental Fourier coefficients (with the accuracy of 0.2 % of full scale) [6], 
5) Power grid frequency (with the accuracy of 0.02 % of full scale) [7]. 
Unlike the VMP20, the MM4 is connected to a PC via the USB cable. The software 
installed on a PC (VMPCalc 3.0) performs three-phase processing and has the ability to 
calculate Fryze's reactive power (RP) in the three phases and the fundamental of Budeanu's 
RP in the three phases (based on the measured values of fundamental Fourier coefficients). 
The authors have successfully tested the ability of the MM-based system (MM2/MM4 
instrument + PC + VMPCalc 3.0 software) to detect, locate and measure unregistered 
electricity consumption. One such test was performed five years ago for the needs of the 
Serbian national power distribution company’s branch (formerly called “Elektrovojvodina”). 
In the mentioned case, along with the company's system (SYSTEM1), the additional MM4-
based system (SYSTEM2) was installed as a redundant system. The key hardware elements 
of this system (two MM2/MM4 instruments and one PC) were placed in the substation and 
connected at the output of distribution transformer (Fig. 6). On the other hand, on each 
distant pole one energy power meter (labeled as BR on Fig. 6) was placed and connected. 
Thanks to such approach, it was possible to measure electricity consumption independently 
of the company's system. By comparing the measurement results of both SYSTEM1 and 
SYSTEM2, it was possible to detect and locate unregistered electricity consumption. In this 
particular case, we have found a huge disproportion between recorded and actual 
consumption (especially on the 4
th
 pole) (Fig. 7). 
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Fig. 6 A schematic diagram of the SYSTEM2. 
 
Fig. 7 The 96-hour measurement results obtained using the SYSTEM1 (green line)  
and SYSTEM2 (red line). 
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4. FURTHER IMPROVEMENT OF THE MM4 INSTRUMENT 
Among all of the above mentioned instruments, the most advanced is the MM4. It 
performs measurements in both the time domain (the measurement of the RMS value of 
the voltage/current and the measurement of the active power) (Fig. 8) and the Fourier 
domain (the measurement of Fourier coefficients of the input voltage/current) (Fig .9). 
From Figs. 8 and 9 it can be seen that the A/D conversion and MAC operations (MAC - 
multiply and accumulate) are extremely simple. The instrument is, therefore, simple and 
reliable, and it has a small number of systematic errors that can be easily identified and 
eliminated [8]. 
 
Fig. 8 Two-bit MAC scheme in time domain. 
 
Fig. 9 Two-bit MAC scheme in transformation domain. 
The first scheme is intended for measurement of the mean value of a product of two 
analog signals f1(t) and f2(t) (e.g. voltage and current). For that purpose, it is needed to add 
two uncorrelated dithers h1 and h2  (Fig. 8). In that case, the output value will be equal to 
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where T denotes the measurement interval length. The second scheme (Fig. 9), on the 
other hand, is intended for measuring the harmonic components (Fourier coefficients aj 
and bj) of the input signal f1(t). As it can be seen, the analog sum of the signals f2(t) and h2 
is replaced by memorized two-bit samples of a dithered base function (DBF). For 
instance, if f2(t) = R2·cos(jωt), the output value  will be equal to 
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where R2 = 1 represents the DBF range, while ω denotes the fundamental frequency. 
Analogously, if  f2(t)    =    R2·sin (jωt) ,  the output value  will be equal to 
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In [4], it was shown that the MM4 measures all parameters necessary for calculation of 
the electrical power (according to the IEEE Std. 1459-2010). The whole process of signal 
processing is performed by two FPGA chips, which were made nine years ago. 
Thanks to the great advancement of FPGA technology [12], the performance of the 
MM4 instrument can be greatly improved. One such improvement would make it possible 
to use the MM4 as support for the phasor measurement unit (PMU). For instance, in [11] it 
was formulated and solved the problem of measuring the current power value by using four 
digitized samples of the voltage and current taken in the sliding half-cycle of grid 
frequency. The authors of [11] have shown that, for this purpose, one needs to know the 
values of both the fundamental and the largest odd higher harmonic. One solution to this 
problem is the application of four stochastic digital DFT (SDDFT)   processors (Figs. 10 and 
11). One SDDFT (Fig. 10) is intended to calculate the Fourier coefficients within one 
voltage cycle (20 ms). However, by using four SDDFT processors, which are successively 
"phase-shifted" by π/2 (Fig. 11), it is possible to measure the Fourier coefficients within the 
sliding quarter-cycle of the voltage signal (Fig. 12). 
 
Fig. 10 Optimal two-bit SDDFT processor for measuring 2M Fourier coefficients. 
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Fig. 11 Optimal two-bit SDDFT processor for measuring i-th Fourier coefficient  
within the sliding quarter-cycle of the voltage signal. 
              
Fig. 12 Optimal two-bit quadruple SDDFT processor for measuring 2k+1 odd Fourier 
coefficients within the sliding quarter-cycle of the grid frequency. 
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Unlike the MM4, which is synchronized with the grid frequency, that varies [3], the 
PMU is synchronized with astronomical time that does not vary [10]. As a result, the 
output data from the MM4 (one quadruple SDDFT processor) may delay up to two 
sampling periods of the PMU, i.e. 5 ms. By embedding two quadruple SDDFT processors 
inside the MM4, the mentioned delay can be reduced up to half sampling period of the 
PMU, i.e. 1.25 ms. A special problem is the determination of the largest odd higher 
harmonic. It needs to be solved within a few microseconds, which is a topic beyond the 
scope of this paper. 
5. DISCUSSION 
The instruments described in the previous sections enable control and monitoring the 
flow of electrical power and energy in a LVDN. The number of the users of electrical 
energy can be practically arbitrary: from several tens to several thousands. An additional 
advantage is the fact that MM2 and MM4 instruments are based on FPGA technology. 
Therefore, they can be improved without new hardware design. Some improvements in 
that sense were presented in [4] and [8]. The first reference describes the improvement in 
terms of accuracy, while the second one shows how to determine the consumer's profile 
(capacitive, inductive, thermogenic or mixed) and its behavior. All these features were 
obtained by reprogramming FPGA chips. Besides this, practical experience has shown 
that a PC is the most sensitive component of the system. Thus, in [9] it was suggested its 
replacement with a BeagleBone device [10]. On the other hand, by replacing existing 
FPGA chips with more advanced ones, it is possible to measure the Fourier coefficients 
within the sliding half-cycle of the grid frequency. Consequently, it is also possible to 
measure the current electrical power within the sliding half-cycle of the grid frequency. It 
is interesting to note that for this need it is necessary to embed at least three additional 
SDDFT processors, while the rest of the instrument remains unchanged.  
6. CONCLUSION 
In this paper, we gave an overview of three instruments that have been constructed by 
the authors and their colleagues. Compared to corresponding commercial solutions, they 
provide a magnitude of order cheaper and not less reliable control of the flow of electrical 
power and energy. Because of their significantly lower price, they can also be used as 
redundant systems along to SCADA systems. One example of such system is described in 
this paper. Finally, the paper presents the proposal for a significant improvement of the MM4 
instrument. It is based on embedding three additional SDDFT processors that are successively 
"phase-shifted" by π/2. This improvement is a necessary precondition for solving a significant 
problem in practice: determining the fundamental and largest odd higher harmonic in the 
power grid, which enables the calculation of the current power value. 
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